The human diet can influence the risk of developing cancer. Amongst putative contributing factors are regular exposure to genotoxic chemicals present in food and gut microbial dysbiosis driven by diet. For example, consuming well-cooked meat is associated with increased prevalence of colorectal cancer in humans ([@kfx132-B46]), and red and processed meat are probable and known human carcinogens, respectively ([@kfx132-B2]). High-temperature or prolonged cooking of meat results in the formation of mutagenic and carcinogenic heterocyclic amines (HCAs) such as 2-amino-1-methyl-6-phenylimidazo\[4,5-*b*\]pyridine (PhIP) ([@kfx132-B15]), 2-amino-3,8-dimethylimidazo\[4,5-*f*\]quinoxaline (MelQx) ([@kfx132-B23]), and 2-amino-3-methylimidazo\[4,5-*f*\]quinoline (IQ) ([@kfx132-B24]). PhIP, MelQx, and IQ are among the most potent mutagens toward bacterial and mammalian cells ([@kfx132-B48]; [@kfx132-B49]) and are carcinogens in multiple organs in rodent models ([@kfx132-B3]; [@kfx132-B25]; [@kfx132-B37]; [@kfx132-B36]). Overall, these data suggest that HCA exposure from consuming meat may contribute to an increased colorectal cancer prevalence.

The basis of HCA mutagenicity is well characterized. Cytochrome P450 enzymes convert HCAs to hydroxylamines, which are converted to corresponding esters by *N*-acetyltransferases or sulfotransferases ([@kfx132-B18]; [@kfx132-B26]). These esters are not stable and hydrolyze spontaneously, yielding reactive aryl nitrenium ions that covalently bind to DNA ([@kfx132-B26]), thus producing HCA-DNA adducts, which are prone to induce frameshift or point mutations ([@kfx132-B53]). Consequently, HCA-induced mutagenesis is critically modulated by its metabolism.

Gut microbes may alter HCAs in the human colon, for instance by hydrolyzing their glucuronide conjugates ([@kfx132-B21]), and catalyzing their oxidation ([@kfx132-B20]). More recently, a novel transformation involving the conjugation of PhIP to a glycerol-derived conjugate by complex human fecal microbiota *invitro* ([@kfx132-B14]; [@kfx132-B59]) as well as by *Enterococcus* spp., *Lactobacillus reuteri* ([@kfx132-B60]), *Lactobacillus rossiae*, and *Eubacterium hallii* ([@kfx132-B14]), has gained attention ([@kfx132-B11]; [@kfx132-B34], [@kfx132-B35]; [@kfx132-B58],[@kfx132-B57]). This transformation requires the conversion of glycerol to 3-hydroxypropionaldehyde (3-HPA), and is catalyzed by bacterial glycerol/diol dehydratases encoded by the *pduCDE* gene ([@kfx132-B14]), which is present in *E. hallii*, *L. reuteri*, as well as *L. rossiae* ([@kfx132-B6]; [@kfx132-B11]; [@kfx132-B14]). Finally, 3-HPA is excreted, chemically decomposes to produce acrolein, which then reacts with PhIP yielding PhIP-M1 ([@kfx132-B11]).

The microbial transformation of HCAs to their glycerol-derived conjugates may have toxicological relevance as a detoxification process. First, chemical inference on the basis of the involvement of the primary amine moiety in HCA activation, suggests this metabolic step will be blocked. Additionally, the mutagenic activity of PhIP-M1 in the Ames test is only 2%--4% of that of PhIP ([@kfx132-B58]) and PhIP-M1 did not induce malignant transformation of BALB/c 3T3 cells ([@kfx132-B35]) as well as not being cytotoxic to Caco-2 cells ([@kfx132-B57]) or rat intestinal tissues ([@kfx132-B35]). The substrate generality of this process is not known, eg, whether other HCAs, such as MelQx are conjugated.

MelQx is present in the diet at similar concentrations as PhIP, but is more mutagenic (about 10 times higher in the Ames test; [@kfx132-B40]) and has a higher capacity to induce tumors in rodents ([@kfx132-B37]). It is present in well-cooked meats at levels up to 1.1 µg/g ([@kfx132-B38]) and daily intake was estimated to be 0.2--2.6 µg for a "normal diet" ([@kfx132-B56]). Based on detection frequency in food, daily intake, and tumourigenic potency, the theoretical excess lifetime cancer risk from MelQx can be estimated to be higher than the cancer risk emanating from PhIP ([@kfx132-B65]). In addition, MelQx-DNA adducts have been observed in human hepatocytes ([@kfx132-B33]), human colon and kidney from surgical and autopsy specimens ([@kfx132-B50]). Furthermore, the profile of MelQx and its metabolites in feces was different than in bile ([@kfx132-B51]), implying that gut microbes may influence the fate of MelQx present in the colon.

On the basis of the chemical mechanism of the glycerol conjugation process ([@kfx132-B11]), we hypothesized that microbes with glycerol/diol dehydratase activity might transform MelQx, thereby altering its cytotoxicity and mutagenicity. Therefore, we examined the capacity of selected gut microbes as well as complex human gut microbiota to transform MelQx under strict anaerobic conditions. Furthermore, we evaluated the toxicological relevance of the transformation by characterizing the cytotoxicity, mutagenicity, and cell transforming potential of MelQx and its metabolite *invitro*. The relevance of the findings is discussed in the context of how individual risk of HCA carcinogenesis may be modulated by biotransformation catalyzed by human gut microbiota.

MATERIALS AND METHODS
=====================

### 

#### Hazard information

Acrolein is toxic (oral, dermal, inhalation), forms flammable gases, is corrosive and hazardous to the environment. MelQx is a probable human carcinogen (IARC group 2B) ([@kfx132-B22]).

#### Bacterial strains and medium

Bacterial strains *E. hallii* DSM 3353, *L. rossiae* DSM 15814, *L. reuteri* DSM 20016 and ATCC 55730, *Eubacterium rectale* DSM 17629 and microbiota effluent derived from the *invitro* continuous fermentation model PolyFermS were cultured in a modified yeast extract-casitone-fatty acid medium (mYCFA; [@kfx132-B8])) containing 10 g/l amicase, 2.5 g/l yeast extract, 4 g/l NaHCO~3~, 10 g/l glucose, 2 g/l maltose, 2 g/l cellobiose, 15% mineral solution I (3 g/l K~2~HPO~4~), 15% mineral solution II (3 g/l K~2~HPO~4~, 6 g/l (NH~4~)~2~SO~4~, 6 g/l NaCl, 0.6 g/l MgSO~4~, 0.6 g/l CaCl~2~), 0.1% vitamin solution (10 mg/l biotin, 10 mg/l cobalamin, 30 mg/l *p*-aminobenzoic acid, 50 mg/l folic acid, 75 mg/l pyridoxamine), 0.31% volatile fatty acid mix (59% acetate, 14% butyrate, 21% propionate, 3% *n*-valeric acid, 3% isobutyric acid), 0.02% hemin (0.5 g/l) as an iron source and 0.1% resazurin (1 g/l) as a redox indicator. The mYCFA medium was supplemented with 110 mM glycerol and 2 g/l glucose. All components except L-cysteine-HCL were dissolved in deionized water, and adjusted to pH 6.8 by adding 1.0 N NaOH. The medium was flushed with CO~2~ and boiled until the color changed from blue to pink/light yellow, at which point L-cysteine-HCl (0.1%, w/v) was added. The medium was transferred to Hungate tubes flushed with CO~2~, and tubes were sealed and autoclaved. Cultures of *E. hallii* and *L. reuteri* that were frozen at −20 °C in mYCFA agar (1.5% (w/v) agar) were used as stock cultures. For each experiment, a fresh agar stock was thawed and 1 ml of liquid YCFA medium added and thoroughly mixed before being transferred to 9 ml mYCFA medium. In the case of *L. rossiae*, the glycerol stock was inoculated on an mYCFA agar plate. After incubation at 37 °C overnight, single colonies were inoculated into 9 ml mYCFA medium. After incubation at 37 °C for 24 h, the culture was transferred at least once to fresh mYCFA medium before being used for an experiment.

#### Chemicals

MelQx was purchased from Chemie Brunschwig AG (Basel, Switzerland). Acrolein and the constituents of the culture media were all obtained from Sigma-Aldrich (Buchs, Switzerland). HPLC-grade acetonitrile and methanol were from Merck (Darmstadt, Germany) and Sigma-Aldrich (Steinheim, Germany), respectively. Formic acid for LC-MS was purchased from Fisher Scientific (Geel, Belgium) and water was purified with a Milli-Q Integral Water Purification System (Millipore Corporation, Billerica, Massachusetts). NMR solvents were purchased from ARMAR Chemicals (Döttingen, Switzerland).

#### Instrumentation

High-resolution MS analysis was carried out on an Exactive Orbitrap (Thermo Fisher) mass spectrometer set as follows: scan range: 100--600 m/z; nominal resolution: 100 000 at m/z 400; sheath and aux gas: helium; sheath gas flow rate: 4 U; aux gas flow rate: 2 U; spray voltage: 3.5 kV; capillary temperature: 250 °C; capillary voltage: 30 V; tube lens voltage: 100 V; skimmer voltage: 15 V; polarity: positive. NMR spectra were recorded on a 400 MHz NMR Spectrometer (^1^H, 400 MHz; ^13^C, 100 MHz). Chemical shifts are expressed in ppm relative to the solvent peak of D~2~O. Ultraviolet (UV) absorbance was recorded using 1 mM MelQx or MelQx-M1 in water (10% acetonitrile, v/v) at 25 °C with a Cary 100 UV-vis spectrophotometer, monitoring from 500 to 200 nm.

#### Microbial MelQx transformation

The bacteria *L. reuteri* DSM 20016 and ATCC 55730, *L. rossiae* DSM 15184, and *E. hallii* DSM 3353 possess the *pdu* gene ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), harboring the potential of glycerol/diol dehydratase activity. To characterize the capacity of these strains to transform MelQx, fresh mYCFA with and without glycerol was inoculated with overnight cultures at 10% (v/v) and the resulting mixture was allowed to incubate at 37 °C for 3 days in the dark. MelQx stock solution (10 mM in DMSO, 50 µl) was added to the mixture, yielding a final concentration of 100 µM MelQx (1% DMSO). DMSO used in this study did not influence bacterial growth, as measured by optical density (OD) (600 nm) during the 72-h incubation. Each experiment was carried out 3 times starting from a different bacterial sample.

The rate of transformation of MelQx was studied for incubations carried out in mYCFA supplemented with glycerol and 100 µM MelQx. Overnight cultures (0.5 ml) of *L. reuteri* DSM 20016 and *E. hallii* DSM 3353 were inoculated in 4.5 ml mYCFA with 110 mM glycerol and were incubated at 37 °C under anaerobic conditions for 72 h. The mixture was sampled at different time points up to 72 h. Bacterial growth was measured on the basis of OD measurements at 600 nm. MelQx degradation and MelQx-M1 formation were determined by LC-electrospray ionization-mass spectrometry (LC-ESI-MS^2^) as described below. All the experiments were performed in triplicate.

#### MelQx transformation by complex human colon microbiota

The transformation of MelQx by complex human colon microbiota was performed according to [@kfx132-B13] and [@kfx132-B14]. In brief, the fecal microbiota from a 78-year-old healthy woman was immobilized in gellan-xanthan gel beads under strict anaerobic conditions and the fecal beads were inoculated (30% v/v) in an inoculum reactor to mimic the conditions of the proximal colon (PC, 37 °C, pH 5.7, strictly anaerobic atmosphere). The inoculum PC reactor was connected to a reactor mounted in parallel mimicking the conditions of the distal colon (DC, 37 °C, pH 6.8, strictly anaerobic atmosphere). Effluent collected from PC and DC reactors were used to inoculate batch fermentations in mYCFA containing glycerol to investigate MelQx transformation in triplicate. Supernatants were collected from batch fermentations after incubation for 3 d at 37 °C and were analyzed for MelQx and MelQx-M1 using LC-ESI-MS^2^ as described below. Total bacterial DNA was extracted from bacterial effluents from the continuous intestinal fermentation with a FastDNA SPIN Kit for Soil according to the manufacturer's instructions. Quantification of total bacterial and *E. hallii* DNA was performed by following the procedure reported by [@kfx132-B14].

#### LC-ESI-MS^2^ analysis

Following microbial transformation reactions as described earlier, samples were transferred into 1.5 ml centrifuge tubes and centrifuged at 16 900 rcf (14 000 rpm) for 10 min with an Eppendorf R centrifuge. A 500 µl portion of the supernatants was removed and rendered alkaline by addition of 150 µl 1 M Na~2~CO~3~. This solution was extracted 3 times with 0.5 ml ethyl acetate. Phase separation was achieved by centrifugation at 14 000 rpm and 4 °C for 5 min. Ethyl acetate phases were combined and concentrated in a centrifugal evaporator (MiVac, GeneVac, Suffolk, England). Resulting residues were reconstituted in 300 µl acetonitrile. Samples were diluted by a factor of 50 before LC-ESI-MS^2^ analysis. The LC system, equipped with a Waters BEH130 C18 column (1.7 µm, 300 µm × 150 mm), was connected to a linear trap quadrupole ion trap Velos mass spectrometer (Thermo Fisher, San Jose, California, USA) equipped with an ESI interface. The injection volume was 1 µl. Solvent A was water containing 10% acetonitrile (v/v) and 0.1% of formic acid (v/v) and solvent B was acetonitrile with 0.1% formic acid (v/v). The linear gradient was as follows: 0--3 min: 0% B; 3--13 min: 0%--95% B; 13--15 min 95% B; 15--16 min: 95%--0% B; 16--22 min: 0% B. The flow rate was 5 µl/min. The MS ionization parameters were optimized by tuning with a 1 µM MelQx solution in solvent A in ESI positive mode. The spray voltage and capillary temperature were 3.5 kV and 250 °C, respectively. Fragmentation was carried out in collision-induced dissociation mode with the collision energy set at 35 eV. System control and data acquisition were performed using Xcalibur (version 2.2 SP1.48, Thermo Fisher).

#### 9-hydroxyl-2,7-dimethyl-7,9,10,11-tetrahydropyrimido\[2′,1′:2,3\]imidazo\[4,5-f\]quinoxaline

MelQx (20 mg, 94 µmol) was mixed with acrolein (200 µl, 2.98 mmol) in 10 ml acetonitrile in an aluminum-foil-covered glass vial. The solution was allowed to react at 37°C for 2 h. Acetonitrile was then removed by vacuum evaporation, and the resulting residue was dissolved in 1 ml water with 10% acetonitrile. The sample was purified by HPLC using an Agilent 1100 series system comprised of a binary pump, a fraction collector and a UV/vis detector set to 265 nm. A Luna C18 (2) column (5 µm, 250 × 10 mm, Phenomenex, Schlieren, Switzerland) was used. The flow rate was 3.5 ml/min and the injection volume was 100 µl. Distilled water with 0.1% (v/v) of formic acid, and acetonitrile were used as mobile phases with a linear gradient from 3% to 30% acetonitrile from 0--35 min, followed by 5 min 100% acetonitrile, and finally re-equilibration to 3% acetonitrile. Fractions corresponding to MelQx-M1 were combined and freeze dried to yield the title compound as a reddish powder (yield: 53%). ^1^H NMR (400 MHz, D~2~O) δ 8.67 (s, 1H), 7.70 (d, *J* = 3.6 Hz, 2H), 5.57 (t, *J* = 2.8 Hz, 1H), 5.21 (ddd, *J* = 13.5, 5.8, 2.3 Hz, 1H), 4.33 (td, *J* = 13.2, 4.3 Hz, 1H), 3.71 (s, 3H), 2.73 (s, 3H), 2.51-2.36 (m, 1H), 2.20 (tdd, *J* = 13.9, 5.9, 2.8 Hz, 1H)., ^13^C NMR (100 MHz, D~2~O) 155.22, 145.97, 144.68, 136.09, 130.57, 129.12, 123.72, 121.27, 112.31, 72.03, 39.41, 29.12, 25.93, 21.91. HRMS (ESI) calculated for C~14~H~16~N~5~O: \[M + H\]^+^*m/z* 270.1349, found: 270.1352.

#### Cytotoxicity

The HCEC1CT clone was obtained in August 2011 from the laboratory of Professor Jerry Shay (University of Texas Southwestern Medical Center, Dallas, TX), grown under previously reported conditions ([@kfx132-B42]) and regularly confirmed to be mycoplasma-free using the MycoAlert mycoplasma detection kit (Lonza Group Ltd, Basel, Switzerland). Cells were seeded in 96 well plates (3000 cells/well) and allowed to attach. After 24 h, medium was replaced by fresh medium containing 0, 10, 50, 100, 150, 200, 350, 500, 1000, and 2500 µM of MelQx or MelQx-M1 as well as 1% DMSO (v/v). 24 h after addition of the compounds, the medium was again replaced by fresh medium, before the CellTiter-Glo (Promega, Dübendorf, Switzerland) luminescent cell viability assay was performed according to manufacturer's protocol ([@kfx132-B41]). As a positive control, 2% (v/v) Triton X-100 was used and the experiment was performed 3 times. The resulting data were normally distributed based on the D'Agostino & Pearson omnibus normality test (*p* = .5643 and .1494 for MelQx and MelQx-M1, respectively). The 5% and 10%-response benchmark dose (BMD~5~ and BMD~10~) was calculated with PROAST version 38.9 in R by following the manual provided by European Food Safety Authority (EFSA) ([@kfx132-B9]).

#### Bacterial reverse mutation test

The bacterial reverse mutation test (Ames test) was performed using the preincubation method as described by [@kfx132-B31], with slight alterations. Briefly, *Salmonella* Typhimurium TA98 (Trinova, Gießen, Germany) was cultivated in nutrient broth (nutrient broth no. 2; Oxoid, Wesel, Germany) overnight and then used at an OD of 0.9--1.0 in the test. Bacteria were thereby incubated with top agar (Kobe I agar; Carl Roth), S9 originating from rat liver (Trinova) and sodium phosphate buffer (2.8 g/l NaH~2~PO~4~·H~2~O, 12.8 g/l Na~2~HPO~4~·2H~2~O, 2.7 g/l KCl, 1.8 g/l MgCl, 3.5 g/l NADP, 1.6 g/l glucose-6-phosphate, pH = 7.4) for 20 min at 37 °C in 15 ml reaction tubes (CELLSTAR polypropylene tubes; Greiner Bio-One; Frickenhausen, Germany). This mixture was then poured into petri dishes (Sarstedt, Nümbrecht, Germany) containing base agar (Kobe I agar, Carl Roth). Finally, the plates were incubated for 48 h at 37 °C and the colonies on each plate were counted. To test the stability of MelQx-M1 under the assay conditions, buffer containing 10% of rat liver S9 and 1 µM MelQx-M1 were incubated for 30 min at 37 °C, before the mixture was centrifuged and the supernatant analyzed in the same manner as the samples described in LC-ESI-MS^2^ section.

#### BALB/c 3T3 cell transformation assay

The cell transformation assay (CTA) was performed exactly according to the ECVAM-prevalidated and recommended protocol ([@kfx132-B44]). All cell culture reagents for the CTA were supplied by Biochrom (Berlin, Germany) unless otherwise stated. Briefly, 20,000 Balb/c 3T3 clone A31-1-1 cells (a kind gift from Dr. A. Poth, Harlan Cytotest Cell Research, Roßdorf, Germany) were seeded on 10 cm culture dishes (TPP, Trasadingen, Switzerland) and incubated for 24 h in minimum essential medium supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (100 IU/ml and 100 mg/ml, respectively). Then, the cells were exposed to the different concentrations of MelQx and MelQx-M1 as well as 0.1% DMSO (solvent control) and 3-methylcholanthrene (4 µg/ml; positive control) for 72 h. After that period, the culture medium was changed twice weekly (from day 7 onwards, the medium described earlier was exchanged for DMEM/F12 supplemented with 2% FBS, 100 mg/ml streptomycin/100 IU/ml penicillin and 2 µg/ml bovine insulin) until day 31, when the cells were fixed and stained using methanol and Giemsa solution (both purchased from Carl Roth, Karlsruhe, Germany). Finally, the foci were scored using an Olympus SZX2-ILLT stereo microscope (Olympus, Hamburg, Germany) and the recommended photo catalogue ([@kfx132-B43]) as reference of focus appearance. A dose-range-finding study (colony forming efficiency method) was performed prior to the actual transformation assay exactly as described in the recommended protocol ([@kfx132-B44]).

#### Statistical analyses

All statistical analyses were performed using GraphPad Prism (version 6; GraphPad, La Jolla, California). A sigmoidal (4 parameter logistic) model was used to fit the changes in relative abundance of MelQx and MelQx-M1 in the presence of *E. hallii*, *L. reuteri*, acrolein, as well as 3-HPA and 1-way ANOVA multiple comparisons were performed to compare the cytotoxicity of MelQx and MelQx-M1.

RESULTS
=======

### Transformation of MelQx by Strains of Intestinal Bacteria

To determine whether selected gut microbes with confirmed glycerol/diol dehydratase activity (Supplemetary Table 1; [@kfx132-B11]; [@kfx132-B14]) have the capacity to transform MelQx, *L. reuteri* DSM 20016 and ATCC 55730, *L. rossiae* DSM 15184, and *E. hallii* DSM 3353 were tested for their ability to transform MelQx in presence or absence of glycerol ([Figure 1](#kfx132-F1){ref-type="fig"}). *E. rectale* DSM 17629, which lacks a glycerol/diol dehydratase-encoding gene (gene bank accession number: FP929042), served as negative control. All tested strains except *E. rectale* degraded MelQx when incubated under anaerobic conditions in mYCFA in the presence of glycerol. Analysis of the reaction mixture by LC-MS indicated the formation of a single new product with a mass to charge ratio (m/z) of 270.1352 ([Figure 1A](#kfx132-F1){ref-type="fig"}). In the absence of glycerol, none of the new product was formed even after 3 days of incubation ([Figure 1B](#kfx132-F1){ref-type="fig"}). The transformation efficiency on the basis of peak area determined by LC-ESI-MS^2^ was similar for all tested strains, ranging from 72% ± 1.5% for *L. rossiae*, to 87% ± 0.9% for *L. reuteri* ATCC 55730 ([Figure 1B](#kfx132-F1){ref-type="fig"}).

![Detection and characterization of MelQx metabolite (MelQx-M1) in bacterial culture. A, Presence of MelQx and MelQx-M1 during growth of *E. hallii* DSM 3353 in mYCFA containing 0.8% (v/v) glycerol (approximately 100 mM) and 100 µM MelQx, at 37 °C. B, Degradation of MelQx by *L. reuteri* DSM 20016 and ATCC 55730, *E. hallii* DSM 3353, *L. rossaie* DSM 15184 and *E. rectale* DSM 17629 in the presence and absence of glycerol in mYCFA medium. Data are displayed as mean values ± SD from 3 independent experiments. C, high resolution mass spectra of peak MelQx-M1 showed a m/z 270.1352. D, fragmentation of m/z 270.1352 at 8.5 min of the sample 72-h MelQx-incubation. E, UV absorbance of MelQx (dashed line) and MelQx-M1 (solid line).](kfx132f1){#kfx132-F1}

Analysis of the product by high-resolution mass spectrometry (HRMS), LC-MS^2^ and NMR ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}) was consistent with the structure being 9-hydroxyl-2,7-dimethyl-7,9,10,11-tetrahydropyrimido\[2\',1\':2,3\]imidazo\[4,5-f\]quinoxaline (MelQx-M1), analogous to the structure of PhIP-M1, and thus likely resulting from the reaction of MelQx with acrolein ([Figure 2](#kfx132-F2){ref-type="fig"}). The high-resolution m/z ([Figure 1C](#kfx132-F1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) is consistent with the formula C~14~H~15~N~5~O, and the main fragments were m/z 252, 226, and 214, corresponding to a loss of H~2~O, C~2~H~4~O, and C~3~H~4~O, respectively ([Figure 1D](#kfx132-F1){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). This fragmentation pattern was similar to that of PhIP-M1 described by [@kfx132-B59]. The UV absorption spectra of MelQx and MelQx-M1 had 2 absorbance peaks at 272 and 217 nm for MelQx and a hypochromic shift to 265 and 212 nm for MelQx-M1 ([Figure 1E](#kfx132-F1){ref-type="fig"}).

![Structures of PhIP, PhIP-M1, MelQx, MelQx-M1, IQ, and IQ-M1.](kfx132f2){#kfx132-F2}

An authentic standard of MelQx-M1 was synthesized by reacting MelQx with acrolein in acetonitrile. It gave rise to the same high resolution mass spectrum and co-eluted with the microbial transformation product ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). NMR data, ie, H-NMR, ^13^C-NMR, distortionless enhancement by polarization transfer, homonuclear correlation spectroscopy, heteronuclear multiple-quantum correlation spectroscopy NMR further confirmed the identity of the new metabolite as MelQx-M1 ([Supplementary Table 2](#sup1){ref-type="supplementary-material"} and [Supplementary Figs. 3--7](#sup1){ref-type="supplementary-material"}).

The rate of conversion of MelQx to MelQx-M1 was determined during growth of *E. hallii* DSM 3353 and *L. reuteri* DSM 20016 in mYCFA supplied with glycerol, as well as during incubation with 3-HPA or acrolein. The disappearance of MelQx and appearance of MelQx-M1 were monitored using LC-ESI-MS^2^. The transformation of MelQx by *E. hallii* and *L. reuteri* displayed similar kinetic profiles. MelQx-M1 was first observed when maximal growth was reached, i.e. after 6 h of incubation for *E. hallii* and 12 h for *L. reuteri* ([Figs. 3A and B](#kfx132-F3){ref-type="fig"}). Over the course of 20 h, MeIQ-M1 levels increased exponentially, and plateaued at around 80% conversion. The yields of MelQx-M1 were 86% ± 3% for *E. hallii* and 87% ± 2% for *L. reuteri*. Reaction of MelQx with 3-HPA or with acrolein resulted in the formation of 55 % ± 18% and 94% ± 6% MelQx-M1, respectively. Moreover, the reaction of MelQx with acrolein was found to be about 5 times faster than with 3-HPA ([Figs. 3C and D](#kfx132-F3){ref-type="fig"}). These data are consistent with the mechanism by which 3-HPA spontaneously decomposes to acrolein, with which MelQx reacts to give rise to MelQx-M1.

![MelQx to MelQx-M1 transformation in the presence of *E. hallii* and *L. reuteri*, acrolein, or 3-HPA. Disappearance of MelQx and formation of MelQx-M1 mediated by representative bacterial strains. Changes in relative abundance of MelQx (filled square) and MelQx-M1 (filled circle) and OD (open circle) of (A) *E. hallii* DSM 3353, and (B) *L. reuteri* DSM 20016 cultures at 37 °C in mYCFA-glyc medium in the presence of glycerol. MelQx to MelQx-M1 tranformation in the presence of (C) 10 mM acrolein, and (D) 10 mM 3-HPA at 37 °C and pH 7. Data are displayed as mean values ± SD from 3 independent experiments.](kfx132f3){#kfx132-F3}

### Transformation of MelQx by Complex Human Gut Microbiota

To check the capacity of complex human gut microbiota to perform the MelQx-to-MelQx-M1 transformation, we utilized effluent microbiota derived from a continuous intestinal fermentation PolyFermS model mimicking healthy elderly PC and DC microbiota ([@kfx132-B13]). *E. hallii* was present at 0.02%--0.06% relative abundance in fermenter effluents. Effluent was inoculated (10% v/v) into mYCFA containing 100 μM MelQx in the presence and absence of glycerol, and incubations were carried out at 37 °C for 72 h under strict anaerobic conditions. When glycerol was added, MelQx was converted to MelQx-M1 by proximal and distal colon effluent microbiota at similar yields, ie, 29% ± 1% and 30% ± 2%, respectively. In contrast, no transformation of MelQx to MelQx-M1 was detected in the absence of glycerol.

### Cytotoxicity of MelQx and MelQx-M1 to Human Colon Epithelial Cells

To compare the relative cytotoxic potencies of MelQx-M1 and MelQx, we exposed human colon epithelial cells (HCECs) to increasing concentrations of MelQx-M1 and MelQx and evaluated the impact on cell viability. HCECs are derived from immortalization of cells from a human colon biopsy of noncancerous tissue ([@kfx132-B42]). The cells actively proliferate but retain multilineage epithelial differentiation capability and express stem cell makers, suggesting their utility as an *invitro* model for healthy colon epithelium ([@kfx132-B12]; [@kfx132-B42]; [@kfx132-B62]). After 24 h exposure to MelQx or MelQx-M1, changes in cell viability were determined with a luminescent cell viability assay to measure released ATP. MelQx-M1 did not reduce cell viability at concentrations below or equal to 150 µM, whereas MelQx reduced cell viability at concentrations ≥ 50 µM ([Figure 4](#kfx132-F4){ref-type="fig"}). Using these data, we calculated BMD levels ([@kfx132-B9]) and determined the No Observed Adverse Effect Level (NOAEL) and Lowest Observed Adverse Effect Level (LOAEL) ([Table 1](#kfx132-T1){ref-type="table"}). All indicators were higher when cells were treated with the microbial metabolite MelQx-M1 than with MelQx. For example, the BMD~5~ lower bound (BMDL~5~) for MelQx-M1 was 204 µM, or 50 times higher than that of MelQx, and the BMD~5~ upper bound (BMDU~5~) for MelQx-M1 was 334 µM, which is 6 times higher than that of MelQx ([Table 1](#kfx132-T1){ref-type="table"}). Similarly, the BMD~10~, BMDL~10~ BMDU~10~ as well as the LOAEL and NOAEL for MelQx-M1 were 4--31 and 7--20 times higher than that of MelQx. Table 1IC~10~, IC~50~, 5% Benchmark Dose (BMD~5~), 10% Benchmark Dose (BMD~10~), NOAEL, and LOAEL (µM) of MelQx and MelQx-M1 Observed in the Human Colonic Epithelial Cell Line (HCEC)MetaboliteMelQxMelQx-M1Fold changeIC~10~ (95% CI)52 (31--87)316 (285--351)6IC~50~ (95% CI)272 (212--349)617 (575--663)2BMDL~5~[^a^](#tblfn2){ref-type="table-fn"}4.1204.150BMDU~5~[^a^](#tblfn2){ref-type="table-fn"}55.8333.76BMD~5~[^a^](#tblfn2){ref-type="table-fn"}26.5262.210BMDL~10~[^a^](#tblfn2){ref-type="table-fn"}8.8272.831BMDU~10~[^a^](#tblfn2){ref-type="table-fn"}87.6366.14BMD~10~[^a^](#tblfn2){ref-type="table-fn"}55.2334.66NOAEL[^a^](#tblfn2){ref-type="table-fn"}1020020LOAEL[^a^](#tblfn2){ref-type="table-fn"}503507[^1][^2]

![Cytotoxicity of MelQx (filled square) and MelQx-M1 (filled cirlce) to HCEC. Data are displayed as mean values ± SD from 3 biological replicates. \*\* indicates a *p*-value \< .01, \* indicates a *p*-value \< .05.](kfx132f4){#kfx132-F4}

### Mutagenicity of MelQx and MelQx-M1

On the basis of the established mechanism of MelQx mutagenicity, we expected MelQx-M1 to have lower mutagenic activity than MelQx, and the well-established bacterial reverse mutation test (Ames test) with and without a metabolic activation system (S9) was used to compare mutagenicity of both compounds. In the absence of metabolic activation, treatment of the bacteria with MelQx or MelQx-M1 did not induce a significantly higher number of revertant colonies when compared with the vehicle control (7.7% DMSO). 2-Nitrofluorene (2-NF) and 4-nitro-*o*-phenylenediamine (4-NPD), 2 positive controls, gave rise to 608 ± 16 (2-NF) and 680 ± 19 (4-NPD) revertants at the dose of 5 µg/plate ([Table 2](#kfx132-T2){ref-type="table"}). In the presence of S9 however, both MelQx and MelQx-M1 induced a significant and concentration-dependent increase of the number of revertants ([Table 2](#kfx132-T2){ref-type="table"}). Treatment with 0.23 µM MelQx (0.03 µg/plate equivalent) led to the formation of 980 ± 20 revertants/plate, whereas the microbial transformation product MelQx-M1 led to the formation of 66 ± 5 revertants/plate, suggesting that the mutagenicity of MelQx-M1 was diminished compared with its precursor MelQx. Table 2Mutagenic Activities of MelQx and MelQx-M1 in the Presence and Absence of Metabolic Activation Determined Using Ames TestCompound**Dose (µg/plate)**[^a^](#tblfn3){ref-type="table-fn"}Dose (µM)Mutagenic activity (revertants/plate)−S9+S9MelQx0.010.0823 ± 1352 ± 40.030.221 ± 2980 ± 200.110.820 ± 11264 ± 380.322.321 ± 11449 ± 1321.17.720 ± 1\>15003.2--10723--76921--22\>1500MelQx-M10.010.0821 ± 144 ± 10.040.221 ± 166 ± 50.130.821 ± 1182 ± 130.402.322 ± 2358 ± 41.37.731 ± 2770 ± 74.02332 ± 31000 ± 2014--13577--76941--54\>1500Solvent controlNANA20 ± 131 ± 12-nitrofluorene5NA616 ± 18NA4-NPD5NA695 ± 5NABenzen\[α\]pyrene5NANA302 ± 3[^3]

### Malignant Transformation of MelQx and MelQx-M1

To test the potential of MelQx and MelQx-M1 to induce malignant transformation in mammalian cells, we used the Balb/c 3T3 CTA. The CTA is a well-established *invitro* assay for predicting carcinogenic risk of chemicals in humans ([@kfx132-B28]). Both compounds were tested at concentrations of up to 50 µM and neither MelQx nor MelQx-M1 induced a significant amount of foci in Balb/c 3T3 cells ([Table 3](#kfx132-T3){ref-type="table"}). Higher concentrations were not tested due to their significant cytotoxicity. Table 3Transformation of BALB/c 3T3 Cells by MelQx and MelQx-M1Doses (µM)Number of foci per plateMelQxMelQx-M10.10.1 ± 0.31.1 ± 1.20.50.5 ± 0.70.1 ± 0.31NT0.5 ± 0.72NT0.1 ± 0.33NT0.1 ± 0.34NT0.2 ± 0.450.1 ± 0.30 ± 06NT0.6 ± 0.87NT0.7 ± 1.5100.6 ± 0.71.4 ± 2.2500.6 ± 1.20 ± 0[^4]

DISCUSSION
==========

MelQx is one of the most abundant and mutagenic dietary HCAs that people ingest by eating high-temperature cooked red meat. In this study, we identified gut microbes that efficiently transform MelQx to its acrolein conjugate MelQx-M1 and observed that this transformation was also mediated by complex human gut microbiota. On the basis of chemical structure elucidation, direct reaction of MelQx with acrolein derived from bacterial glycerol metabolism appeared to be the chemical basis of the transformation of MelQx. The microbial metabolite MelQx-M1 was less cytotoxic towards human colon epithelial cells and showed lower mutagenicity in the bacterial reverse mutation assay than MelQx after metabolic activation, and no cell transformation potential was observed.

### Bacterial Glycerol Metabolism and the Transformation of MelQx

Bacterial glycerol metabolism by glycerol/diol dehydratases was critical for the formation of MelQx-M1, similar to what was previously observed for the transformation of PhIP to PhIP-M1 ([@kfx132-B14]; [@kfx132-B60]). Glycerol is a nutritional component of dietary fat, a backbone for glycerides, and can be liberated after hydrolysis by digestive lipases ([@kfx132-B30]). Furthermore, glycerol is a common additive in formulated foods, as a sweetener, humectant, moisturing as well as thickening agent ([@kfx132-B54]). Glycerol has been observed in human feces ([@kfx132-B29]) and may accumulate in the colon due to saturated glycerol absorption in small intestine and colon cells ([@kfx132-B16]; [@kfx132-B64]). On the other hand, commensal bacteria harboring a glycerol dehydratase gene are a regular component of the human fecal microbiota ([@kfx132-B10]). For example, *E. hallii* occurs early in life and reaches adult abundance levels at approximately 2 years of age in populations from Venezuela, Malawi, the United States and Switzerland, which is indicative of global presence ([@kfx132-B45]). *E. hallii* glycerol/diol dehydratase-encoding genes were detected in up to 81% of adult human fecal metagenomes ([@kfx132-B10]). In contrast, *L. reuteri* and *L. rossiae* are rarely occurring in the adult intestine ([@kfx132-B10]; [@kfx132-B14]). The ubiquitous presence of glycerol, together with steady occurrence of gut microbes with potential for glycerol/diol dehydratase activity ([@kfx132-B10]), suggests that bacterially trigged formation of HCA-M1-type products occurs in the human intestine ([Figure 5](#kfx132-F5){ref-type="fig"}). Indeed, PhIP-M1 could be recovered from feces of consumers that obtained a single portion of cooked chicken meat ([@kfx132-B58]).

![Proposed transformation pathway of MelQx by gut microbes.](kfx132f5){#kfx132-F5}

The observations that a substantial amount of acrolein could be derived from 3-HPA, and that the reaction of MelQx with acrolein is 5 times faster than with a 3-HPA solution, suggest that MelQx conjugation occurs by direct reaction with acrolein via 1,4-addition and 1,2-addition at the 2-amino group ([@kfx132-B11]). Our results for MelQx, in conjunction with those for PhIP ([@kfx132-B11]; [@kfx132-B14]; [@kfx132-B60]), suggest a general potential for microbes that secrete 3-HPA, which then dehydrates to acrolein, to assist in the formation of M1-type metabolites for other dietary HCAs bearing 2-aminoimidazole moiety. In agreement with this assertion, we could confirm that IQ was transformed to IQ-M1 by *E. hallii* with 31% efficiency ([Figure 2](#kfx132-F2){ref-type="fig"} and [Supplementary Figure 8](#sup1){ref-type="supplementary-material"}) during growth in mYCFA in the presence of glycerol. This observation is in accordance with the well-established reactivity of acrolein with primary and secondary amines such as lysine, histidine and imidazole ([@kfx132-B1]; [@kfx132-B55]; [@kfx132-B63]). Furthermore, adducts similar to PhIP-M1, which contains an extra tetrahydropyrimidine ring, were identified as products of the reaction of acrolein with deoxyguanosine ([@kfx132-B4]), adenine ([@kfx132-B47]), cytosine ([@kfx132-B47]) and arginine ([@kfx132-B27]).

### Impact on Toxicity

We found that microbial transformation of MelQx to MelQx-M1 reduced the mutagenic activity of MelQx to 3%--26% in terms of revertants/plate. Similarly, the mutagenicity of PhIP-M1 was only 5%--10% of that described for PhIP ([@kfx132-B58]). Together, these results suggest that blocking the amino group of HCAs likely reduces toxic potency. This result is consistent with the observation that the 2-aminoimidazole group, and not the quinoxaline group, contributes to biological activities of HCAs ([@kfx132-B5]; [@kfx132-B17]), and that the chemical basis of HCA activation involves activation of the primary amine by oxidation and resulting formation of DNA adducts ([@kfx132-B52]). The presence of the 2-amino-substituted imidazole ring has been shown to be essential for activation by rat liver homogenate (S9) and mutagenicity to bacteria ([@kfx132-B5]; [@kfx132-B17]) and *N*-Methylation of the imidazole increases mutagenicity around 500- to 3000-fold ([@kfx132-B32]; [@kfx132-B61]). Indeed, we were somewhat surprised that mutagenicity was not completely devoid for MelQx-M1, and were able to confirm that the observed mutagenicity arose from the generation of small amounts of MelQx as a decomposition product of MelQx-M1 in the presence of S9 at 37 °C. Interestingly, 1 µg/plate PhIP produced 1700 revertants/µg under similar experimental conditions, while 1 µg/plate PhIP-M1 could be expected to give 50 revertants/µg, which is consistent with the observed value of 46 ± 2 revertants/µg ([@kfx132-B58]). These data suggest that mutagenic activity previously attributed to PhIP-M1 may have also been a result of residual PhIP formed under assay conditions.

Although use of the Ames test provides an indicator of possible genotoxicity/mutagenicity of chemicals, the CTA is an *invitro* assay well established for predicting carcinogenic risk of chemicals in humans ([@kfx132-B28]). However, using BALB/c 3T3 cells to test the transformation potential of MelQx and MelQx-M1 up to a concentration of 50 µM resulted in no detectable cell transformation for either compound. This result is in agreement with the observation that PhIP-M1 does not induce cell transformation in BALB/c 3T3 cells at non-cytotoxic concentrations ([@kfx132-B35]). Similarly, [@kfx132-B40] used mouse fibroblast C3H/M2 cells to test cell transformation by several HCAs, including MelQx, PhIP, and IQ. They found none of the HCAs induced cell transformation without metabolic activation, whereas all induced malignant transformation in the presence of rat-liver S9 ([@kfx132-B40]). Similarly, using human colon epithelial cells from a different origin, [@kfx132-B19]) showed that the active metabolite of PhIP, ie, *N*-OH-PhIP, induced malignant transformation in presence of sulfotransferases, and injection of *N*-OH-PhIP-treated human colon epithelial cells into mice led to the development of tumors at the injection sites. This result points out a limitation of the CTA, which is its current incompatibility with an S9-based metabolizing system, consistent withthe lack of cell transforming potential observed for MelQx in the present study. Moreover, these findings are consistent with mutagenicity data observed in the Ames test without S9. In human colon epithelial cells grown *invitro*, MelQx-M1-related cytotoxicity was reduced relative to MelQx. There is no cytotoxicity data for MelQx-M1 to compare, but the cytotoxicity of MelQx is in agreement with data observed in different cell lines including human liver HepG2 ([@kfx132-B39]) and HepaRG cells ([@kfx132-B7]).

CONCLUSION
==========

We have demonstrated that in the presence of glycerol, gut microbes with glycerol/diol dehydratase activity (ie, *E. hallii*, *L. reuteri*, and *L. rossiae*) and complex human gut microbiota efficiently transform MelQx to its conjugate MelQx-M1. The chemical basis of MelQx conjugation was found to involve the bacterial metabolism of glycerol to 3-HPA, subsequent decomposition to acrolein and direct conjugation with MelQx. As IQ and PhIP were also transformed to M1-like transformation products, our data suggest that this is a general reaction of acrolein and 2-amino-imidazoquinoxaline HCAs. Results from multiple *invitro* toxicological assays indicate that MelQx-M1 is less cytotoxic and mutagenic than MelQx. Thus, the toxic potency of dietary HCAs may be reduced *invivo* by the activity of gut microbes. Moreover, amine conjugation with glycerol may constitute a general detoxification process emanating from gut microbiota, which diminishes the exposure to and toxic potency of HCAs and which should be considered in the evaluation of a potential health risk in the future.
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[^1]: Values of IC~10~ and IC~50~ are means of 3 independent experiments, the values in brackets are corresponding 95% confidence intervals.

[^2]: BMDL, lowest benchmark dose lower bound from exponential models; BMDU, highest benchmark dose upper bound Hill models; BMD, bench mark dose, the subscripted number means the benchmark response used when calculating BMD, ie, 5% or 10%; NOAEL, no-observed-adverse-effect level; LOAEL, lowest-observed-adverse-effect level.

[^3]: The differences on the doses(µg/plate) of MelQx and MelQx-M1 were due to their different molecular weight. NA, not applicable. Data are displayed as mean ± SD (n = 2).

[^4]: Medium (control), 0.1% DMSO, 15 µM 3-methylcholanthrene (MCA, positive control) induced 0.2 ± 0.4, 0 ± 0, and 14.1 ± 4.5 foci per plate, respectively. NT, not tested in this study. Data are displayed as mean ± SD (n = 9--10).
